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Abstract
A means and method for ultrasonic measurement of texture non-destructively and efficiently. Texture
characteristics are derived by transmitting ultrasound energy into the material, measuring the time it takes to
be received by ultrasound receiving means, and calculating velocity of the ultrasound energy from the timed
measurements. Textured characteristics can then be derived from the velocity calculations. One or more sets
of ultrasound transmitters and receivers are utilized to derive velocity measurements in different angular
orientations through the material and in different ultrasound modes. An ultrasound transmitter is utilized to
direct ultrasound energy to the material and one or more ultrasound receivers are utilized to receive the same.
The receivers are at a predetermined fixed distance from the transmitter. A control means is utilized to control
transmission of the ultrasound, and a processing means derives timing, calculation of velocity and derivation
of texture characteristics.
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[57] ABSTRACT 
A means and method for ultrasonic measurement of 
texture non-destructively and efficiently. Texture char 
acteristics are derived by transmitting ultrasound en 
ergy into the material, measuring the time it takes to be 
received by ultrasound receiving means, and calculat 
ing velocity of the ultrasound energy from the timed 
measurements. Textured characteristics can then be 
derived from the velocity calculations. One or more sets 
of ultrasound transmitters and receivers are utilized to 
derive velocity measurements in different angular ori 
entations through the material and in different ultra 
sound modes. An ultrasound transmitter is utilized to 
direct ultrasound energy to the material and one or 
more ultrasound receivers are utilized to receive the 
same. The receivers are at a predetermined ?xed dis 
tance from the transmitter. A control means is utilized 
to control transmission of the ultrasound, and a process 
ing means derives timing, calculation of velocity and 
derivation of texture characteristics. 
24 Claims, 3 Drawing Sheets 
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SEMI-AUTOMATIC SYSTEM FOR ULTRASONIC 
MEASUREMENT OF TEXTURE 
GOVERNMENT RIGHTS 
This invention was made with government support 
under contract number W-7405-ENG-82 awarded by 
the Department of Energy. The Government has cer 
tain rights in the invention. 
This is a continuation of copending application Ser. 
No. 197,763 ?led on May 23, 1988, now abandoned. 
BACKGROUND OF THE INVENTION 
(a) Field of the Invention A 
The present invention relates to measurement of tex 
ture of materials, and in particular, to a means and 
method for use of ultrasound to measure texture 
(b) Problems in the Art 
It is obviously advantageous to be able to discern the 
texture characteristics of certain materials. Texture 
properties of the material provide information helpful in 
deciding the use for the material, and perhaps, can indi 
cate possible manufacturing changes which can desir 
ably alter those characteristics. 
Texture relates to a number of material properties 
such as hardness, grain size, ductility, strength, grain 
orientation, stress adaptability, and formabiliqty. A pri~ 
mary example of materials where texture characteristics 
are important is with respect to metals, and in particu 
lar, to rolled metal plates and sheets. 
The most common forms of texture measurement 
utilize x-ray diffraction. These techniques most times 
require separation of random samples of the material so 
that they can be destructively tested. Furthermore, 
x-ray diffraction must be conducted in a laboratory 
setting with controlled environment, and takes signi? 
cant amounts of time to produce results. Although more 
portable x-ray diffraction systems are being developed, 
they still require destructive break-down of samples and 
signi?cant amounts of time. Moreover, x-ray diffraction 
produces valid results only with respect to near-surface 
layers of the material, even if the material is a relatively 
thin metal plate or sheet, and does not give information 
on texture for the entire cross-section of the material. 
Current texture measurement procedures therefore 
can be improved upon. There is a real need for means 
and methods to derive reliable texture information from 
the entire cross-section of a material, and not just sur 
face layers. Texture characteristics can change drasti 
cally between the surface and inner layers of the mate 
rial. 
Secondly, there is a real need for the ability to derive 
texture information without the signi?cant time delays 
of x-ray diffraction, or the closely-related neutron dif 
fraction techniques. 
Third, there is a real need for a means and method for 
texture measurement which can be applied directly to, 
and contemporaneously with, the normal production or 
processing of the materials. For example, it would be 
highly advantageous to be able to derive texture infor 
mation regarding rolled metal plate or sheet as it is 
being formed; and to do such monitoring non-destruc 
tively, and in the actual manufacturing environment of 
the plate or sheet. The elimination of destructive evalu 
ation which must be done with special equipment in 
special laboratory environment, would greatly reduce 
cost, and would allow contemporaneous monitoring 
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and alteration of manufacturing processes according to 
the measured texture results. 
It is therefore a principal object of the present inven 
tion to provide a means and method for ultrasonic mea 
surement of texture which overcomes or solves the 
problems and de?ciencies in the art. 
A further object of the present invention is to provide 
a means and method as above described, which can 
accurately derive texture information from a material. 
A further object of the present invention is to provide 
a means and method as above described which is non 
destructive. 
A further object of the present invention is to provide 
a means and method as above described which can 
derive texture information quickly and ef?ciently. 
A further object of the present invention is to provide 
a means and method as above described which can be 
operated in a wide variety of environments, including 
manufacturing and processing environments of the ma 
terial being investigated. ' 
A further object of the present invention is to provide 
a means and method as above described which can 
operate adequately notwithstanding environment 
changes such as in temperature. 
These and other objects, features and advantages of 
the present invention will become more apparent with 
reference to the accompanying speci?cation and claims. 
SUMMARY OF THE INVENTION 
A means and, method for ultrasonic measurement of 
texture in materials, whereby texture measurement and 
information is nondesctructively, efficiently, and accu 
rately derived in a short period of time. According to 
the method, ultrasonic energy is transmitted into the 
material, and received by two ultrasonic energy re 
ceiver means positioned at a ?xed distance from each 
other and from the transmitter of the ultrasonic energy. 
The time between reception at each receiver is de 
tected, and velocity of the ultrasonic energy through 
the material is calculated. By utilizing these velocity 
measurements in appropriate calculations, texture char 
acteristics can be derived. Alternatively, one receiving 
transducer can be used and timing can take place be 
tween the transmitting and receiving transducer. 
The means of the invention implements one or more 
sets of ultrasound transmitters and receivers. Each set 
consists of a transmitting transducer of ultrasound 
waves to direct the waves into the material, and at least 
one ultrasound receiving transducer, positioned at a 
predetermined distance from each other (if more than 
one receiving transducer), and positioned at a ?xed, 
predetermined distance from the transmitter, to receive 
the ultrasound waves after transmission through the 
material. A timing means detects and measures the time 
the waves take between the transmitting and receiving 
transducers, or each of the receiving transducers of 
each set if two are used. A processor means utilizes the 
timing measurement to calculate velocity of the waves, 
and then derives the texture information or characteris 
tics. Multiple sets of transmitters and receivers are used 
so that velocities can be measured for different plate 
modes of the rolled metal plate or sheet. Plate modes 
are explained in many of the references cited at the end 
-of this speci?cation, and are well known to those of 
ordinary skill in the art. (“Plate modes" is terminology 
from the ?eld of physical acoustics meaning particular 
sets of elastic waves in thin material, while “plate“ and 
5,048,340 
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“sheet” is terminology from the metals industry indicat 
ing thin metal material, sheet being thinner than plate). 
The invention functions by incorporating mathemati 
cal formulations which produce texture characteristics 
estimations based upon knowing velocities of ultrasonic 
waves in the different modes through the material. 
These mathematical formulations are set forth in a co 
pending, co-owned application, entitled “Method for 
Ultrasonic Measurement of Texture”, by R. Bruce 
Thompson, Jack S. Smith, Seuk Lee, and Yan Li, U.S. 
Ser. No. 188,495, now US. Pat. No. 4,899,589, filed 
Apr. 29, 1988, which is incorporated herein by refer 
ence. - 
The processing means and steps of the invention can 
control operation of and production of the transmitted 
ultrasonic waves, and can record, display, or otherwise 
further process the results for advantageous use. The 
invention therefore allows texture information to be 
derived which meets the above-stated objects, and 
which improves over the present state of the art. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic representation of a preferred 
embodiment of the invention, as applied to rolled metal 
plate. 
FIG. 2 is a bottom view schematic of a one transmit 
ter and two receiver set of transducers attached to the 
underside of a rigid member and depicts the angular 
adjustability of the rigid member with respect to the 
rolling direction of the metal plate. 
FIG. 3 is an exploded perspective view of one em 
bodiment of an EMAT designed to excite and detect 
ultrasonic SH (shear horizontal) waves. 
FIG. 4 is an exploded perspective view of an embodi 
ment of an EMAT designed to excite S (extensional or 
Lamb) ultrasonic waves. 
FIG. 5 is a graphic representation of guided wave 
propagation in thin isotropic plates for the S0 and SHa 
modes 
DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 
With respect to the drawing, FIG. 1, a preferred 
embodiment of the invention will now be described. 
Components of the preferred embodiment depicted in 
FIG. 1 will be identi?ed by reference numerals, which 
will be used throughout this description. 
FIG. 1 depicts generally a semi-automatic system 10 
for ultrasonic measurement of texture of materials. The 
particular material under inspection in this preferred 
embodiment is rolled metal plate or sheet 12. Arrow 14 
depicts the rolling direction of plate or sheet 12. Plate or 
sheet 12 is continuous and is passing by system 10 at a 
controlled (but usually unknown) speed such as could 
be found in a manufacturing facility of rolled metal 
plate or sheet. The rolling speed of the plate or sheet is 
not critical to the operation or accuracy of the inven 
tion. It is to be understood, however, that the invention 
also operates with regard to stationary materials. 
In the preferred embodiment, two sets of ultrasound 
transducers are utilized to transmit and receive ultra 
sound for purposes of velocity measurements. Each set 
is particularly con?gured for a different plate mode (S,,, 
An and SH” where n=0,1,2,3 . . .) and have appropri 
ately adjusted matching networks for each transducer 
of each set for its particular function. Otherwise, each 
set operates essentially the same, but for the different 
modes, and therefore for purposes of simplicity, only 
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one set will be described. 8,, or S refers to extensional or 
symmetric Lamb plate mode of ultrasound, A,, or A 
refer to flexural or antisymmetric Lamb plate modes of 
ultrasound, whereas 5H,, or SH refers to shear horizon 
tal plate mode of ultrasound. It is to be understood that 
operation of transducers for Sn, An and 8H,, modes, and 
their appropriate matching networks, is known within 
the art. 
With respect to one set of transducers, a transmitter 
16 of ultrasonic energy is positioned adjacent plate or 
sheet 12. In the preferred embodiment, transmitter 16 
comprises an electromagnetic acoustic transducer 
(EMAT), such as is well known within the art. Trans 
mitter 16 is ?xedly secured to the underside of a sub 
stantially rigid member, such as steel rule 17, which is 
adjustably positionable with respect to the plate and 
appropriately aligned so that transmitter 16 can direct 
ultrasound waves to the plate in different angular orien 
tations. Steel rule 17 is positioned so that the ultrasound 
waves from transmitter 16 will enter and propagate 
along plate or sheet 12 Steel rule 17, in the preferred 
embodiment, is adjustable so that its center longitudinal 
axis can be oriented between O°—90° with respect to 
rolling direction. In the preferred embodiment, 0°, 45°, 
and 90° are selected. 
In the preferred embodiment, a first ultrasound re 
ceiver 18 and a second ultrasound receiver 20, both 
adjacent to plate 12, are also fixedly secured to the 
underside of steel rule 17 and are in appropriate opera 
tive orientationto receive ultrasound waves transmitted 
from transmitter 16 and propagated through plate or 
sheet 12. Receivers 18 and 20 are, in the preferred em 
bodiment, also electromagnetic acoustic transducers 
(EMATs), functioning in the “receive" or “catch" 
mode, such as is known in the art. Transmitter 16 is 
operating in the “transmit” or “pitch” mode. 
Receivers 18 and 20 are positioned a predetermined 
distance d; from one another and are aligned along the 
longitudinal axis of steel rule 17. Likewise, receiver 18 is 
positioned a predetermined distance d1 from transmitter 
16. Transmitter 16 and receivers 18 and 20 are therefore 
angularly stationary with respect to each other but are 
adjustable as a set on steel rule 17 with respect to the 
surface and rolling direction 14 of plate or sheet 12 so 
that, as a set, they are adapted to receive ultrasonic 
waves at various angular orientations to plate or sheet 
12 (see FIG. 2). It is to be again understood that timing 
measurements could also be made by timing the ultra 
sound between transmitter 16 and a single receiving 
transducer. 
Operation of transmitter 16, and receivers 18 and 20 is 
controlled by burst rate generator 40. Digitizing oscillo 
scope 26 receives information from the receiving trans 
ducers 18 and 20 through appropriate circuitry and 
prepares it for processing by computer 22. Computer 22 
communicates through data bus 24 to digitizing oscillo 
scope 26. It is to be understood that alternatively, ana 
log components can be used to receive the signals from 
the receiving transducers 18 and 20 and can be used to 
derive velocity information. 
Broken line 28 encloses components which interface 
between transducers 16, 18, 20 and oscilloscope 26, and 
also with signal generator 28, and essentially provide 
the means for controlling operation of transmitter 16 
‘and receivers 18 and 20 according to the purposes of the 
invention. All of the components inside broken line 28 
are conventional, known in the art components. Receiv 
ers 32 and 34 each contain electronic circuitry which 
5,048,340 
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captures the voltage signals produced by‘ receiving 
transducers 18 and 20 from the received ultrasonic 
waves and prepares them for introduction to oscillo 
scope 26. Receivers 32 and 34 are selected to be appro 
priate for the frequencies and other parameters of the 
ultrasound and signals received, and it is to be under 
stood that these signals are also ampli?ed by receivers 
32 and 34 to prepare them for passage to and processing 
by oscilloscope 26. For purposes of the preferred em 
bodiment, receiver circuits 32 and 34 output signals 
designated as channel 1 and channel 2, respectively. 
These outputs are then connected operatively to the 
?rst and second channel inputs on oscilloscope 26. It is 
to be understood that alternatively a single receiver 
circuit could be utilized by switching its input alternat 
ingly between receiving transducers 18 and 20. 
The burst rate generator 40 is the basic controlling 
unit for the EMAT electronics. Generator 40 is pre-set 
table to direct production of signals to send out a syn 
chronization or sync signal which serves to trigger 
digitizing oscilloscope 26, trigger signal generator 30, 
and gate power amp 44, and to temporarily inhibit re 
ceiving circuits 32 and 34. This thus activates each 
transmitter 16, and synchronizes or gates the operation 
of corresponding receiving transducers 18 and 20, and 
receivers 32 and 34. 
As is shown in FIG. 1, synchronization lines emanate 
from generator 40 to signal generator 30, power amp 44, 
receivers 32 and 34, and scope 26. The signal along each 
sync line is independently adjustable according to de 
sire. 
To operate the invention, burst rate generator 40 is 
set to be prepared to send desired sync signals to the 
various components according to desired time or other 
values. Signal generator 30, computer 22, and scope 26 
are also turnedon and prepared for functioning. Appro 
priate software is pre-installed in computer 22. Burst 
rate generator 40 is then turned on.‘ In the preferred 
embodiment, generator 40 directs signal generator 30 to 
produce short bursts (approximately 100 per second) of 
radio frequency (rf) signals (at approximately 0.45 
megahertz (Mhz)). On a sync signal from generator 40, 
power amp 44 passes and ampli?es each burst and sends 
it to matching network 46, which has been set to impe 
dance match transmitting transducer 16. EMAT T 16 
then, as well known in the art, excites a desired mode of 
sound in plate 12, according to the con?guration of 
EMAT T 16 (in the preferred embodiment S,, or 5H,, 
where n=0,l,2 . . .). 
At the same time, generator 40 is sending sync signals 
to receivers 32 and 34, which temporarily “turns off" 
those items to prevent saturation due to the transmitted 
ultrasound. The “sync" signal from burst rate generator 
40 to receiving circuits 32 and 34 thus serves as a “main 
bang killer”, temporarily disabling or inhibiting circuits 
32 and 34. This inhibiting lasts only a short enough time 
(on the order of a microsecond) so circuits 32 and 34 do 
not become overloaded or saturated by the initial “main 
bang” (large radio frequency signal) of transmitter 16, 
but are turned back on well before they are needed to 
receive the ultrasound signals needed for timing mea 
surements, which is generally 10 microseconds or more 
after the “main bang”. EMATs R1 and R3 (reference 
numerals 18 and 20) are con?gured for the plate mode 
of EMAT T 16, to pick up or “receive” that particular 
mode ultrasound, change those energy values into elec 
trical signals, and pass those signals through corre 
sponding matching networks 36 and 38 (for impedance 
s.. 
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matching again) to receivers 32 and 34. Matching net 
works 32 and 34 are adjustable to allow accurate impe 
dance matching. Receivers 32 and 34 collect the signals 
from EMATs 18 and 20, amplify those signals and pass 
them to scope 26, where they are digitized and dis 
played, if desired. Scope 26 is synchronized by the sync 
signal also, and allows the received signals to be pro 
cessed by the digital computer 22. If analog processing 
alternatively is used, the information from receiving 
circuits 32 and 34 preferably must ultimately get to 
computer 22 or another computer system in a digital 
format. 
Signal generator 30 is an independent component 
outside of the circuitry contained within broken line 28. 
In the preferred embodiment, the components within 
broken line 28 can be comprised of Magnasonics 
EMAT electronics devices (Albuquerque, N. Mex.). 
Computer 22 can be a Tektronix 4052A computer, with 
oscilloscope 26 being Nicolet 4094/4175 Digitizing 
Oscilloscope. A conventional IEEE488 bus can con 
nect computer 22 and oscilloscope 26. Matching net 
works 36 and 38 are known in the art components, and 
are operatively connected between receiving transduc 
ers 18 and 20 and receiver circuits 32 and 34. Matching 
networks 36, 38 and 46 “tune” or impedance match both 
the EMATs and their connecting cables. 
It is again emphasized that FIG. 1 depicts one set 
only of transmitter/receiver(s) combination. As will be 
further discussed, additional sets of a transmitter and 
?rst and second receivers, ?xed and positioned at prede 
termined distances from each other, but adjustable as a 
set with respect to rolling direction 14, can be utilized to 
take measurements for different plate modes. 
It is to be understood that for different plate modes, 
different EMATs are utilized, and the matching net 
works are correspondingly adjusted for impedance 
matching. Alternatively, two complete different sets of 
EMATs and EMAT electronics could be used for dif 
ferent plate modes. 
FIGS. 3 and 4 depict two embodiments of EMATs 
which could be used for measurements in the S0 and 
SHa modes. These EMATs are well known within the 
art and are not a part of this invention. Their operation 
is also well known within the art. As can be seen in 
FIG. 3, an EMAT designed to excite and detect ultra 
sonic SH (shear horizontal) waves is shown. This par 
ticular embodiment is con?gured to excite and detect 
wave lengths of 7\=O.l24 inches. It utilizes a periodic 
permanent magnet and an EMAT coil to generate eddy 
currents within the material to excite a shear horizontal 
mode of sound when used as a transmitter, and detects 
the same when used as a receiver. 
FIG. 4 shows an embodiment of an EMAT designed 
to excite Sn (extensional or Lamb) ultrasonic waves. It 
utilizes a permanent magnet with a meander type of coil 
to accomplish the same. 
FIG. 5 depicts in graphic form guided wave propaga 
tion in thin isotropic plates in the S0 and 51-10 modes. It 
is to be understood that in the SH0 mode the system is 
essentially measuring the anisotropy of the shear modu 
lus for deformations in the plane of the plate. In the 5,, 
mode, the anisotropy of a quantity is measured which 
can be qualitatively characterized as Young's Modulus. 
This measurement requires that the wavelength be large 
with respect to the plate thickness. As previously stated, 
the S0 mode is also commonly referred to- as the funda 
mental symmetric Lamb mode. 
5,048,340 
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It is to be understood that in the preferred embodi 
ment, receiving transducers 18 and 20 are spaced be 
tween 12 and 16 centimeters apart. All of the EMATs 
utilized in the preferred embodiment of the present 
invention are on the order of a rectangular shape. They 
are also positioned so as to gently abut or be closely 
adjacent to the surface of the rolled plate. In industrial 
applications they can be positioned approximately 
l/ lOOOth of an inch from plate 12. They would then ride 
on a thin ?lm of air so that they do not actually abut the 
plate. 
It is also to be understood that the construction of the 
matching networks of the preferred embodiment of the 
present invention is as follows. For transmitting 
EMATs, matching network 46 comprises a variable 
output transformer between the ampli?er 44 and the 
EMAT 16. Additionally, a variable capacitor is placed 
between the transformer and EMAT 16 and in the pre 
ferred embodiment, is between 0 and 0.099 micro 
farads; adjustable in 0.001 microfarad graduations. On 
the other hand, the matching networks for the receiving 
EMATs 18 and 20 consist simply of an adjustable ca 
pacitor as previously described. 
It can therefore be seen that the embodiment of FIG. 
1 presents a means for semi-automatically controlling 
generation of pulses of ultrasonic energy from transmit 
ter 16 which is introduced to plate 12. Burst rate genera 
tor 40 simultaneously instigates the transmitted pulse, 
and triggers oscilloscope 26. It further sends a “main 
bang” killer to receiver circuit 32, and to receiver cir 
cuit 34. The main bang killer inhibits both receivers to 
prevent saturation during the transmit time. Receiving 
transducers 18 and 20, and the following components 
then provide information to oscilloscope 26 and com 
puter 22 so that timing measurements can be taken be 
tween EMATs 18 (R1) and 20 (R2) Because distance d; 
is known by pre-calibration, computer 22 can then com 
pute velocity of the ultrasound waves through plate 12. 
Thus, it is to be understood that distance d; is sufficient 
to allow for valid time measurements to an acceptable 
level of accuracy, such as is known in the art. If timing 
is accomplished between transmitter 16 and a single 
receiving transducer, distance d1 is pre-calibrated to 
derive velocity of the ultrasound. 
The method of operation of the invention utilizes the 
processes set forth in co-pending, co-owned application 
entitled “A Method for Ultrasonic Measurement of 
Texture”, by Thompson, Smith, Lee, and Li, Serial No. 
188,495 now US. Pat. No. 499,589, ?led Apr. 29, 1988, 
incorporated herein by reference. It is there disclosed 
that mathematical formulationshave been developed, 
which with improved accuracy, can estimate the tex 
ture characteristics of rolled metal plate from velocity 
measurements of ultrasound. 
It is known that rolled metal plate has basically a 
crystallite structure. The structure has been modeled as 
a continuum, having macroscopic orthotropic symme 
try, which is depicted in the form of three mutually 
perpendicular mirror planes. It has also been disclosed 
that a relationship exists between what are called the 
macroscopic elastic constants of a rolled metal plate, 
and the coefficients of an expansion of the crystallite 
orientation distribution function (CODF) in terms of 
generalized Legendre functions. C. M. Sayers, “Ultra 
sonic Velocities in Anisotropic Poly-Crystalline Aggre 
gates”, J.Phys. D 15, 2157-2167 (1982). US. patent 
application, Thompson, Smith, Lee and Li, Ser. No. 
188,495, now US. Pat. No. 4,899,589, incorporated by 
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reference, discloses that the coef?cients of the CODF 
function can be derived from velocity measurements of 
ultrasonic plate modes. 
In the preferred embodiment, the plate modes of 
interest are SHO and S0, whereas the coefficients of 
interest are W400, W420, and W440. It is to be understood 
that W400, W420, and W440 are required for cubic metals 
such as copper, aluminum, and steel, but more coeffici 
ents are required for hexagonal metals, such as titanium. 
The invention can be easily extended for such materials 
according to the principles disclosed herein. The degree 
of preferred orientation of crystallites of the metal plate 
are quanti?ed by a CODF represented by w(§, 111, tb), 
where the arguments are Euler angles describing the 
orientation of crystallites with respect to the sample 
axes. The orientation distribution coefficients, Wlmn are 
predicted as follows: 
W = 
M 16113 
' 32 11' 
: — [V25Ho(45°) + Photo“) - 2T/'p)] 
conventionally, the CODF is set forth as a series of 
generalized Legendre functions (21m). R. J. Rose, J 
Appl. Phys, 37 (1966), p. 2069. 
A conventional CODF can be expressed as: 
For cubic crystallites, symmetry dictates that the 
lowest order independent coefficients are 
WQQQ=§V21TZ (a normalization constant), and W400, 
W420, and W440. Following the Voigt procedure for 
averaging elastic constants, the polycrystalline elastic 
constants, C1], of the orthohombic plate may be ex 
pressed in terms of these four Wlmn coefficients and the 
single crystal elastic constants, C110. [See again, C. M. 
Sayers article noted above]. Typical results are: 
C44’ = 614 + 0’ [1/5 - 16/35“? 73 (W400 - \| (5/2) W420)] 
60 
65 
with similar relationships available for the-remaining six 
independent elastic constants. 
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These elastic constants, and hence the Wlmn can be 
inferred from measurements of ultrasonic wave speeds. 
8110(0) represents the velocity of the fundamental 
horizontally polarized shear mode and 50(6) represents 
that of the fundamental symmetric Lamb mode, some 
times referred to as the extensional mode. 
It has been determined that velocity of two ultrasonic 
plate modes (S0 and SHO) must be measured in three 
propagation directions in order to determine the coeffi 
cients W400, W420, and W440. This requirement is de 
rived from the previous equations. Therefore, in the 
preferred embodiment of the present invention, velocity 
measurements are taken at 0?, 45° and 90° with respect 
to the rolling direction of plate 12. It is further preferred 
that these three measurements be taken by one set of 
transmitters 16 and receivers 18 and 20 for the S0 mode, 
and an additional set of transmitters 16 and receivers 18 
and 20 for the SH0 mode. 
Absolute velocities of the ultrasonic waves measured 
are obtained using this method. It is to be understood 
that EMAT transducers are utilized because of their 
couplant free operation and their ability to operate in a 
high temperature environment, which is necessary if 
system 10 is used directly in the manufacturing, produc 
tion, or process control of metal rolled plate 12. How 
ever. other types of ultrasound transmitters and receiv 
ers can be used according to the invention. 
In the preferred embodiment, ultrasonic velocity is 
determined by measuring the time difference between 
two received ultrasonic bursts by digital or analog im 
plementations of zero-crossing, cross-correlation tech 
niques or Fourier transform phase techniques. It is to be 
understood that in the preferred embodiment, fre 
quency of the bursts is at rf (radio frequency). It is 
further to be understood that because many points on 
the wave form contribute to the velocity determination, 
a precise time difference measurement is obtained. 
Oscilloscope 26 can also serve to convert the signals 
received by it from analog-to-digital. The preferred 
Nicolet Digitizing Scope 36 can digitize 8K (8,000) 
points per channel with a spacing as small as 2ns (nano 
seconds) per sample point, capturing the complete burst 
of rf in each channel. 
The included preferred embodiment is given by way 
of example only, and not by way of limitation to the 
invention, which is solely described by the claims 
herein. Variations obvious to one skilled in the art will 
be included within the invention de?ned by the claims. 
Further background references regarding ultrasound 
propagation and its relationship to material texture are 
set forth below: 
R. B. Thompson, J. F. Smith and S. S. Lee, Nonde 
structive Evaluation of Microstructure for Process Control, 
H. N. G. Wadley, Ed., ASM, Metals, Park, OH 1986, 
pp. 73. 
R. Bruce Thompson, S. S. Lee, and J. F. Smith, “An 
gular Dependence of Ultrasonic Wave Propagation in a 
Stressed Orthorhombic Continuum; and Theory and 
Application to the Measurement of Stress and Texture", 
J. Accoust. Soc., Am, 80(3), Sept. 1986, pp. 921. 
A. V. Clark, Jr., A Govada, R. B. Thompson, G.V. 
Blessing, P. P. Delsanto, R. B. Mignogna, and J. F. 
Smith. “The Use of Ultrasonic for Texture Monitoring 
in Aluminum Alloys", these proceedings. 
R. F. Fields, National Bureau of Standards, private 
communication. 
J. F. Smith, G. A. Alers, P. E. Armstrong, and D. T. 
Eash, “Separation and Characterization of Stress Lev 
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els in Metal Sheet and Plate: I. Principles of Initial 
Test”:, J. Non-destr. Eva., 157-163 (1984). 
J. F. Smith, R. B. Thompson, D. K. Rehbein, T. J. 
Nagel, P. E. Armstrong, and D. T. Eash, "Illustration 
of Texture with Ultrasonic Pole Figures”, ibid. 
Textures in Non-Ferrous Metals and Alloys, M. D. 
Merchant, and J. G. Morris, Ed. (The Metalurgical 
Society, Warrendale, Pa. 1985). 
Formability and Metallurgical Structure, A. K. Sach 
dev and J. D. Embury (The Metallurgical Society, 
Warrendale, Pa. (1987). Proceedings of ICOTOM-8, J. S. 
Kallend and F. Koch, Ed, in preparation (Conference 
held Sept., 1987, Sante Fe, N. Mex.) 
A. V. Clark, Jr., A. Govada, R. B. Thompson, J. F. 
Smith, G. V. Blessing, P. O. Delsanto, and R. B. Mig 
noggna, Review of Progress in Quantitative Nondestruc 
tive Evaluation 613, D. 0. Thompson and D. E. Chi 
menti, Eds. (Plenum Press, New York, 1987), p. 1515. 
C. S. Barrett Structure of Metals (McGraw-Hill, New 
York, 1943). 
H. J. Bunge Texture Analysis in Materials Science, 
Mathematical Methods, (Butterworth, London, 1982). 
S. Mathies, G. W. Vmel, and K. Helming Standard 
Distribution in Texture Analysis, Vol. 1, (Akademie Ver 
lag, Berline, 1987). 
C. O. Ruud, “Application of Position Sensitive Scin 
tillation Detector to Nondestructive X-ray Diffraction 
Characterization of Metallic Components”, in Nonde 
structive Methods for Material Property Determina 
tion, C. O. Ruud and R. E. Green, Eds, (Plenum, N.Y. 
1983). 
R. B. Thompson, S. S. Lee, and J. F. Smith. “Relative 
Anistropic of Plane Waves and Guided Modes in Thin 
Orthohombic Plates: Implication for Texture Charac 
terization, Ultrasonic 25, 133-138 (1987). 
S. S. Lee, J. F. Smith and R. B. Thompson, “Ultra 
sonic Techniques for the Quantitative Characterization 
of Texture”, in Ref. 2, 177-192. 
S. S. Lee, J. F. Smith and R. B. Thompson, “Infer 
ence of Crystallite Orientation Distribution Function 
form the Velocities for Ultrasonic Plate Modes”, Non 
destructive Characterization of Materials, J. F. Bus 
siere, Ed. (Plenum Press, N.Y., in press). 
R. B. Thompson, J. F. Smith, S. S. Lee and G. C. 
Johnston, “A Comparison of Ultrasonic and X-ray De 
termination of Texture in Cu and Al Plates (in prepara 
tion). 
B. A. Auld, Acoustic Waves and Fields in Solids. 
G. J. Davies, D. J. Goodwill and J. S. Kallend, Met. 
Trans. 3, 1627 (1972). 
C. M. Sayers, “Ultrasonic velocities in anisotropic 
polycrystalline aggregates”, J. Phys. D. 15, 2157-2167 
(1982). 
R. J. Rose, J. Appl. Phys, 37 (1966), p. 2069. 
S. J. Wormley and R. B. Thompson, “A Semi 
Automatic System for the Ultrasonic Measurement of 
Texture”, in Review of Progress in Quantitative Nonde 
structive Evaluation 6A, D. 0. Thompson and D. E. 
Chimenti, Eds. (Plenum Press, NY. 1987), p. 951. 
S. S. Lee, J. F. Smith and R. B. Thompson “Inference 
of Crystallite Orientation Distribution Function form 
the Velocities of Ultrasonic Plate Modes”, Nondestruc 
tive Characterization of Materials, J. F. Bussiere, Ed. 
(Plenum Press, N.Y. in press). 
The present invention is applicable, in its preferred 
embodiment, to rolled plate such as stainless steel. How 
ever, it also has application to copper, aluminum, fer 
retic composites, and other similar cubic materials, as 
‘ 11 
well as hexagonal materials such as titanium. Also, in 
the preferred embodiment, texture results can be de 
rived in a matter of minutes (for example, 15 minutes). 
What is claimed is: 
1. An apparatus for semi-automatic ultrasonic mea 
surement of texture in rolled metal sheet having a roll 
ing direction, wherein the sheet has crystallite structure 
whose properties can be inferred from the velocities of 
ultrasonic plate modes, comprising: 
at least ?rst ultrasonic transmitting transducer means 
for exciting ultrasonic energy in the form of a least 
one selected ultrasonic plate mode in the sheet, the 
transmitting transducer means including adjustable 
orientation means for selecting desired propagation 
directions with respect to the rolling direction of 
the sheet from a plurality of different propagation 
directions, the number of plate modes and direc 
tions being directly related to the type of crystallite 
structure of the sheet being analyzed; 
at least and second ultrasonic receiving transducer 
means for receiving the ultrasonic energy in a se 
lected ultrasonic plate mode, each receiving trans 
ducer means including adjustment means for select 
ing desired angular orientation with respect to the 
sheet; - 
each receiving transducer means for a particular plate 
niode positioned at a predetermined ?xed distance 
from one another and from each transmitting trans 
ducer means for that plate mode allowing the mea 
surement of both relative and absolute volocities of 
the ultrasonic energy; 
control means for operating each transmitting trans 
ducer means to generate the ultrasonic energy and 
each receiving transducer means for reception of 
the ultrasonic energy in the appropriate plate 
mode; and 
processing means for timing reception of the ultra 
sonic energy between any transducer means and 
for deriving texture characteristics of the sheet 
from relative and absolute velocity measurements 
of the ultrasonic energy by obtaining quantitative 
information de?ning preferred orientation of grains 
of the sheet. 
2. The apparatus of claim 1 wherein the ultrasonic 
transducer means comprise electromagnetic acoustic 
transducers. 
3. The system of claim 1 wherein the sheet includes 
rolled metal plate. 
4. The system of claim 1 wherein the ultrasonic plate 
modes include SH”, S,,, and An modes, where n=0,l,2,3 
5. The system of claim 1 further comprising two sets 
of the transmitting transducer means and ultrasonic 
receiving transducer means, one set for measuring ultra 
sonic wave velocities in the SH" mode where n=0,l,2,3 
and one set for measuring ultrasonic wave velocities 
in the 5,, mode where n=0,l,2,3, 
6. The apparatus of claim 1 wherein the texture char 
acteristics include but is not limited to, one or more off 
the set comprising hardness, grain size, ductility, 
strength, grain orientation, stress adaptability, and 
formability and are obtained from further processing by 
the processing means. 
7. The apparatus of claim 1 including a plurality of 
sets of receiver means and transmitter means for use 
with the system, the sets being operable both individu 
ally and in any combination, each set being adjustable to 
a desired orientation, excitation of a desired plate mode, 
15 
25 
35 
45 
55 
65 
5,048,340 
12 
and measurement of any of relative and absolute veloci 
ties to allow different ultrasonic characteristics to be 
individually or simultaneously derived. 
8. The apparatus of claim 7 wherein each set consists 
of at least one transmitter means and receiver means, a 
means for adjusting the angular orientation of each set 
of transmitter means and receiving means with respect 
to the rolling direction of the sheet, and a timing means 
for independently taking time measurements for differ 
ent propagation directions for the generated ultrasonic 
energy. 
9. The apparatus of claim 8 including switching 
means for switching between the different sets. 
10. The apparatus of claim 1 wherein the velocity 
measurements for one or more plate modes can be taken 
from the following set: 
three propagation directions in a ?rst plate mode, and 
two propagation directions in a second plate mode; 
three propagation directions in a ?rst plate mode, one 
in a second plate mode, and one in a third plate 
mode; 
two propagation directions in a ?rst plate mode, two 
in a second plate mode, and one in a third plate 
mode; 
two propagation directions in a ?rst plate mode. one 
in a second plate mode, one in a third plate mode, 
and one in a fourth plate mode; and 
one propagation direction in a ?rst plate mode, one in 
a second platemode, one in a third plate mode, one 
in a fourth plate mode, and one in a ?fth plate 
mode. 
11. The apparatus of claim 1 wherein the texture 
characteristics include one or more, but are not limited 
to, grain orientation and formability and are derived 
from further processing by the processing means. 
12. The apparatus of claim 1 wherein the transmitting 
and receiving transducer means are controlled by the 
control means and texture characteristics are derived by 
the processing means from measurements of velocity of 
ultrasonic waves at one or more propagation directions 
with respect to modes S,,, An, and SH” of the plate, and 
by utilizing those measurements to determine aspects of 
a crystalline orientation distribution function. 
13. The apparatus of claim 12 wherein the crystallite 
orientation distribution function comprises the equa 
tlOn: 
where w is the crystalline orientation distribution func 
tion expressed in terms of Euler angles 0, 111, d>, §=cos 
6 and wimn are unknown coef?cients that characterize 
texture with l,m,n being integers, these coefficients 
being determined from the ultrasonic velocity measure 
ments, and Zlmn are generalized Legendre functions. 
14. The apparatus of claim 13 wherein Wm", deter 
mined from the velocity measurements, are W400, W430, 
and W44(). 
15. A method of analysis of texture in a metal sheet 
having a rolling direction comprising; 
passing the metal sheet at a controlled, but not neces 
sarily known rate, by at least one set of ultrasonic 
transducers, each set coupling to a particular plate 
mode; 
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utilizing a transmitting transducer in each set of ultra 
sonic transducers to generate ultrasonic energy in 
the form of a plate mode through the metal sheet; 
utilizing two or more receiving transducers in each 
set of ultrasonic transducers to receive the trans 
mitted ultrasonic energy; 
altering the angular orientation of each set of trans 
ducers with respect to the rolling direction as the 
metal sheet is moving, the number of alterations 
being directly related to the type of crystallite 
structure of the metal sheet being analyzed; and 
repeatedly measuring and correlating the time of 
travel of the ultrasonic energy between any two 
transducers of each set of ultrasonic transducers 
with texture parameters to derive texture charac 
teristics by obtaining quantitative information de 
?ning preferred grain orientation of grains of the 
sheet, the measurement including calculation of 
relative and absolute velocities of the ultrasonic 
energy. 
16. The method of claim 15 wherein velocity mea 
surements are taken in one or more of SH”, An, and 5,, 
plate modes. 
17. The method of claim 16 wherein the transmitting 
and receiving transducer means are controlled by the 
control means and texture characteristics are derived by 
the processing means from measurements of velocity of 
ultrasonic waves at one or more propagation directions 
with respect to one' or more S”, An, and SHn of the 
plate, and by utilizing those measurements in a crystal 
line orientation distribution function. 
18. The method of claim 17 wherein the crystallite 
orientation distribution function comprises the equa 
tlon: 
where w is the crystalline orientation distribution func 
tion expressed in terms of Euler angles 
9. I11. d2. §=cos 0. and w1,,,,, 
are unknown coef?cients that characterize texture with 
l,m, n being integers, these coef?cients being deter 
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mined from the ultrasonic velocity measurements, and 
21m” are generalized Legendre functions. 
19. The method of claim 18 wherein Wm”, deter 
mined from the velocity measurements, are W400, W420, 
and W440. 
20. The method of claim 15 wherein the texture char 
acteristics include one or more, but are not limited to, 
the set comprising hardness, grain size, ductility, 
strength, grain orientation, stress adaptability, and 
formability. 
21. The method of claim 15 wherein the texture char 
acteristics include one or more, but are not limited to, 
grain orientation and formability. 
22. An apparatus for analyzing texture characteristics 
in a thin metal sheet having a rolling direction, compris 
ing: 
transmitter means for inducing ultrasonic energy in 
the form of a plate mode in a metal sheet in a plural 
ity of directions in the general plane of said sheet; 
?rst and second receiver means for reception of said 
energy in the form of a plate mode, and positioned 
a predetermined distance from said transmitter 
means to allow measurement of relative and abso 
lute velocities of said energy; means for adjusting 
the angular orientation of the transmitter means 
and receiving means with respect to the rolling 
direction of said metal sheet; 
timing means for measuring the time of travel of the 
ultrasonic energy between any of the transmitter 
means and‘ receiving means, for each position of 
angular orientation of said transmitter means and 
said receiving means; and 
processing means for obtaining texture characteristics 
from the plurality of time measurements of said 
timing means derived from the transmittal and 
reception of said ultrasonic energy in the form of a 
plate mode in said metal sheet by obtaining quanti 
tative information de?ning preferred orientation of 
grains of the metal sheet. 
23. The apparatus of claim 22 wherein the timing 
means includes means for measuring time between 
transmission and reception of the ultrasound energy 
from the transmitter means to any receiver means. 
24. The apparatus of claim 24 wherein the timing 
means includes means for measuring time between re 
ception of the ultrasound energy at the ?rst and second 
receiver means. 
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